Abstract: An asymmetrical thin-core long-period fiber grating (ATC-LPFG) cascaded with an inline Mach-Zehnder interferometer (MZI) for dual-parameter sensing has been demonstrated. In addition, bending direction is also determined at the same time. A section of thin-core fiber (TCF) is fusion spliced between two single-mode fibers (SMFs). ATC-LPFG is 4 cm away from the first splicing point to form an inline MZI. The transmission spectrum consists of four dominant resonant wavelengths generated by multimode interference and loss peaks of ATC-LPFG. Two resonant wavelengths are the main loss peaks of ATC-LPFG, and additional two resonant wavelengths are caused by multimode interference. Bending direction is determined by former two resonant wavelengths; curvature and temperature sensitivities are measured by the resonant wavelength of multimode interference and ATC-LPFG. Cross sensitivity can be overcome because the resonant wavelength is generated by different mechanisms. The experimental results indicate that the sensitivities of curvature and temperature are 28.82 dB/m −1 and 67.3 pm/°C, respectively.
Introduction
Optical fiber sensors have been widely developed because of their intrinsic advantages, such as compact structure, electromagnetic interference immunity, high sensitivity, and low cost. Fiber curvature sensing is of great importance in applications of engineering and distributed sensing system [1] - [3] . In addition, bending direction is also a vital parameter in curvature measurement [4] - [6] . In view of structural health monitoring, curvature measurement can be influenced by external environmental conditions such as temperature shift [7] - [9] . Consequently, simultaneous measurement of curvature, bending direction, and temperature is especially important. Some allfiber interferometers such as MZI [10] , [11] ; the Fabry-Pérot interferometer (FPFI) [12] , [13] ; and the Sagnac interferometer (SI) [14] , [15] are investigated for simultaneous measurement of temperature and curvature. However, without bending direction detective and relatively low sensitivity may limit the development of these interferometric sensors. Over the last decade, conventional LPFG is widely used for different static parameters sensing such as curvature, temperature, strain [16] and refractive index [17] , [18] , etc., and dynamic parameters such as vibration [19] and acoustic [20] . However, either the sensitivity is not high or the structure is complex for those optical fiber device mentioned above. Furthermore, both bending direction detective and multiplexers are difficult to be achieved caused by the conventional inscribed method and higher 3 dB bandwidth [21] - [23] .
Recently, different kinds of special fiber have been used for writing LPFG, such as photonic crystal fiber (PCF) [24] , [25] ; few mode fiber (FMF) [26] , [27] ; and TCF [28] . Compared with normal LPFG, the resonant wavelength of these special fibers based on LPFG will split as a result of complicated mode coupling mechanism. This phenomenon of resonant wavelength splitting can be used for multi-parameter simultaneous measurement. Compared with SMF, TCF has smaller core diameter, bigger refractive index and tighter optical confinement. As a result, ATC-LPFG possesses smaller 3 dB bandwidth and lower order cladding mode coupling [28] . Specially, when spliced with SMF, more resonant wavelengths can be formed due to the modal interference caused by core-diameter mismatch [29] .
In this paper, we demonstrated a novel fiber sensor which consists of ATC-LPFG cascaded with an inline MZI. Simultaneous measurement of bending direction, curvature and temperature can be achieved. Moreover, cross sensitivity can be overcome by the proposed fiber sensor. The ATC-LPFG is fabricated on one side of the TCF by a focused CO 2 laser pulse with the point-by-point writing method. The selected ATC-LPFG shows a large extinction ratio of 25 dB. Four dominant resonant wavelengths are generated by the modal interference and the loss peaks of ATC-LPFG. Two resonant wavelengths of ATC-LPFG are used for bending direction detective. Curvature and temperature are measured by the resonant wavelengths of ATC-LPFG and modal interference. Therefore, dual-parameters mentioned above including bending direction can be measured simultaneously by the proposed structure. The schematic diagram of the sensor head is shown in Fig. 2 , which consists of five sections named Input-SMF (ISMF), Input-TCF (ITCF), ATC-LPFG, Output-TCF (OTCF) and Output-SMF (OSMF). The sensor head is fabricated with the following steps: firstly, a conventional SMF is fusion spliced with a 27 cm TCF whose grating region is 4 cm away from the first splicing point. Secondly, the TCF is fusion spliced with OSMF. The length of OTCF is cut for 20 cm. Cladding modes will be excited in ITCF at the first splicing point due to the mode field mismatch between ISMF and ITCF. Cladding modes will be coupled back to the fiber core at the grating region due to the mode coupling between core and cladding modes in LPFG [30] . Therefore, an inline MZI is formed by the interference of the core and cladding modes. Cladding modes will be excited again in grating region because of the refractive index modulation. When the length of OTCF is more than 20 cm, cladding modes will suffer completely loss and will disappear in cladding [28] . As a consequence, modal interference can't be formed at the second splicing point. So the effective sensing region starts at the first splicing point and ends at the end of grating region, consist of an inline MZI cascaded with an ATC-LPFG and has a length of merely 7 cm.
Fabrication of ATC-LPFG and Configuration of Sensor Head

Theoretical Analysis
The cladding modes of inline MZI are excited by the core mode of ISMF, and will be coupled back to the ATC-LPFG based on the mode coupling theory of LPFG [30] . The coupling equations are as follows:
where RðzÞ represents the amplitude of core mode, and SðzÞ stands for the cladding mode. is DC coupling coefficient, and and Ã stand for AC coupling coefficient. The resonant wavelength r of the modal interference spectrum generated by the core mode and cladding mode can be derived from the following equation:
where represents the phase difference of core mode and cladding modes, i.e., n co eff and n cl eff , L co and L cl are the effective RI and propagation length of core mode and cladding modes, respectively. When ¼ ð2m þ 1Þ, destructive interference will be formed, m is a positive integer, and thus the resonant wavelength can be expressed as
The phase matching condition of ATC-LPFG is expressed as
When the temperature is T , co ð; T Þ is the propagation constant of core mode and cl ð; T Þ represents the cladding modes. Moreover, the actual period of the TC-LPFG can be expressed as
Ã, Ã 0 , and are the period, original period and the coefficient of thermal expansion of ATC-LPFG, respectively. ÁT is the temperature variation. When the temperature change is a little, that is 1 þ ÁT % 1. Using the equation of ¼ Ãðn co eff À n 1;eff clÞ, the temperature sensitivity of ATC-LPFG K TC;T can be expressed as follows [31] :
where , co eff , and cl 1;eff are the factor of waveguide dispersion, the effective thermal optic coefficient of core mode and different ordinal number of cladding modes, respectively. K TC;T is dependent on the first item and second item in the brackets from (4); thus, the magnitude of K TC;T is influenced by , co eff , and cl 1;eff . As a result, K TC;T will change with different ordinal number of cladding modes. In this paper, the parameters of , C. An equivalent method is introduced for analysis the bending direction. ATC-LPFG inscribed by CO 2 laser on one side is an asymmetric structure. The refractive index of fiber core and cladding will increase in the direction of CO 2 laser due to cladding materials flocking together. Hence, asymmetric refractive index distribution will be formed in the TCF. The ATC-LPFG can be equivalent an eccentric core fiber (ECF), as shown in Fig. 3 . The fiber core suffered an up-shift is defined an equivalent fiber core. The heavy color of the circularity represents that the refractive index distribution is higher. The light color of the cladding means that the refractive index is relatively lower. When the sensor head is bent to the grating inscription direction, with the curvature increasing, the effective grating pitch will decrease and the effective index difference between cladding modes and core mode will increase. Thus, the resonant wavelength will suffer no wavelength shift or slightly shift. In addition, the intensity of LPFG loss peaks will have an up-shift due to the equivalent fiber core suffering a lateral pressure in Fig. 3(a) . Similarly, when the bending direction is opposite to the grating inscription direction, the effective grating pitch will increase and the effective index difference between cladding modes and core mode will decrease. Consequently, the resonant wavelength will undergo no wavelength shift or slightly shift. However, the intensity of LPFG loss peaks will have a down-shift because of the equivalent fiber core suffering an axial tension in Fig. 3(b) [32] . Both down-shift and up-shift mentioned above have only a slight wavelength shift [33] , [34] . Therefore, bending direction of the ATC-LPFG can be determined by intensity demodulation method. It is remarkable that the proposed sensor head is insensitive to the bending direction perpendicular to the figure plan since the corresponding refractive index is not modulated by the CO 2 laser. This phenomenon can be used in some specific environment, which is similar to the description in [5] . The sensor head is placed in the middle of 2-D translation stages. Applying a slightly tension is used for making the fiber keep a straight line and then make the optical fiber fixed by jig. The jig is controlled to close to another fiber fixture by adjusting the knob of 2-D translation stages, so that the fiber is bent. The displacement is controlled to 10 m for each time, and recording the corresponding data which is in OSA.
Experimental Results and Discussions
When the length of ITCF and OTCF is more than 20 cm which is displayed in the inset of Fig. 5(a) , there is no modal interference formed in two sections of TCF. The transmission spectrum without modal interference is shown in Fig. 5(a) . As the broadband window is from 1510 nm to 1620 nm, only two loss peaks are generated by the ATC-LPFG. When ATC-LPFG is replaced by the proposed sensor head, as is shown in Fig. 5(b) , the four dominant dips are formed which are named as dip1, dip2, dip3, and dip4 from left to right, respectively. Dip1 and dip4 are the loss peaks of the ATC-LPFG, additional two dips are generated by modal interference of the cladding modes and core mode at the section of ITCF. Cladding modes excited by ATC-LPFG will suffer completely loss at the section of OTCF because the length of TCF is more than 20 cm. Therefore, there is no modal interference formed between cladding modes and core mode in OTCF. It is worth noticing that there are also lower extinction ratio dips appearing in the mentioned above wavelength band owing to multi-mode interference. Therefore, there are only two dominant dips formed by the interference between low order cladding modes and core mode. From [28] can be seen that the polarization dependent loss (PDL) is very high for this asymmetric inscription method which is more than 20 dB. The large PDL is caused by the significant asymmetry grooves created by the side illumination of CO 2 laser, which induce large birefringence and asymmetrical RI modulation. Moreover, the relatively narrower 3 dB broadband may be another reason for the large PDL. In this paper, the curvature measurand is slightly affected by the polarization state. Furthermore, different parameters can be measured simultaneously without cross sensitivity since the dips are generated by different mechanisms. Temperature, curvature, and bending direction are measured in the following experiment. Fig. 6(b) . When the curvature is measured by dip2 and dip3, there are nearly no wavelength shifts and only intensity variations which are displayed by the blue and red line, respectively. It can be seen that the wavelength fluctuation range is ±0.15 nm and ±0.09 nm corresponding to the dip3 and dip2, respectively. Different sensitivities of dip2 and dip3 are caused by the different ordinal number of cladding modes. From Fig. 6(a) , it can be seen that the intensity of dip1 and dip4 are also changed when the sensor head is bent. Furthermore, bending direction can be also determined at the same time.
Bending direction is defined relatively for the 2-D translation stages. 0°is defined for the bending direction of the sensor head as the blue arrow point out in Fig. 4 . Similarly, 180°is defined for the opposite direction. In addition, 0°and 180°are in the same plane. The resonant wavelengths of dip1 and dip4 are 1525 nm and 1612 nm, respectively. Linear fit of dip1 and dip4 with different bending direction is demonstrated in Fig. 7 . When the sensor head is bent to the 0°direction, dip1 is selected to demodulate the intensity change. The curvature sensitivity of dip1 is 27.928 dB/m −1 which is slightly lower than dip3. When the sensor head is bent to the 180°direction, a sensitivity of −27.343 dB/m −1 is demodulated by dip4. Although the absolute value of dip1 and dip4 are very close, their signs are opposite standing for the different bending directions. Similarly, there are nearly no wavelength shifts of dip1 and dip4 when the curvature is changed. It can be seen that the wavelength fluctuation range is ±0.11 nm and ±0.07 nm corresponding to the dip4 and dip1, respectively. The bending direction can be determined owing to the one-side inscription process of TCF using point-by-point writing method. The experimental results of bending direction are consistent with the theoretical description in Fig. 3 . Therefore, bending direction and curvature can be measured simultaneously by intensity demodulation of dip1, dip4 and dip3, respectively. In curvature experiment, the sensor head is parallelly placed on a 2-D translation stages which is in a same plane due to a symbol attaching on it. In real application, all the structure should have a strictly process of integrated packaging, the twist can be avoided during this process. When the proposed fiber sensor is used in the structure health monitoring, the structure will be fixed without twist interference.
Temperature is an important parameter in the field of engineering system, so the proposed structure is also used for measuring temperature. Temperature sensing is realized by heating water solution from 30°C to 65°C. Transmission spectrum of the sensor under the different temperature is displayed in Fig. 8(a) . It can be seen that dip4 undergoes a red shift with the temperature increasing from 30°C to 65°C. The inset of Fig. 8(a) shows that dip3 also has a red shift at the same time. As is presented in Fig. 8(b) , when temperature goes up, the wavelength shifts of dip3 and dip4 are tending to the direction of long wavelength with sensitivities of 67.5 pm/°C and 42.14 pm/°C, respectively. There are nearly no intensity variations and only wavelength shifts when the temperature is measured. The intensity fluctuation range is ±0.23 dB and ±0.34 dB corresponding to the dip3 and dip4, respectively. Both the wavelength and intensity fluctuation range mentioned above can be neglected in view of the relative high sensitivity for the selected dips. As we all know, different cladding mode is corresponding to different temperature sensitivity. However, the relationship between cladding mode and temperature has a turning point in which the ordinal number is equal to 20. When the ordinal number is less than 20, the temperature sensitivity will increase with the ordinal number increasing. Similarly, when the ordinal number is more than 20, the temperature sensitivity will also increase with the ordinal number increasing, but the level of temperature sensitivity is lower than the former. That is to say the highest temperature sensitivity of ordinal number more than 20 is lower than the lowest temperature sensitivity of ordinal number less than 20. Therefore, when the ordinal number of cladding modes are less than 20, it is worth noticing that the temperature sensitivity will increase with the ordinal number increasing [31] . The temperature sensitivity of ATC-LPFG is high due to the higher order cladding mode with high thermo-optic coefficient, which has been verified in (7) .
From Figs. 6(b), 7, and 8(b), by tracking the power and wavelength shift of the resonant wavelength, intensity and wavelength demodulation are used for measuring curvature and temperature, respectively. As a consequence, when the temperature and curvature changed at the same time, the two measurands can be respectively distinguished by tracking the wavelength shift and intensity variation without cross sensitivity. Besides, bending direction can be determined at the same time. The 5× repeat experiment demonstrate that the repeatability and stability of the proposed sensor is good.
We have compared with sensor performance based on different structure in recent years as shown in the Table 1 . The proposed sensor is not only sensitive to direction, but also the cross sensitivity can be avoided although the sensitivity is not very high compared with other sensors. From Table 1 , it can be seen that other structure almost use wavelength demodulation method both for the curvature and temperature measurement, whereas the intensity and wavelength demodulation methods are applied in the proposed structure, respectively. Therefore, the cross sensitivity can be perfectly avoided. In addition, the other advantage of our structure is that the direction can be detected due to the asymmetrical structure. 
Conclusion
We have proposed and demonstrated a novel fiber sensor which consists of an inline MZI cascaded with an ATC-LPFG. Simultaneous measurements of bending direction, curvature and temperature can be achieved. By tracking the power variation of dip3 and dip4, respectively, the curvature sensitivities of 28.82 dB/m −1 and 27.343 dB/m −1 are achieved. As well as tracking the wavelength shift of dip3 and dip4, respectively, the temperature sensitivities of 42.14 pm/°C and 67.5 pm/°C are also achieved. Additionally, bending direction is also determined at the same time. Therefore, the proposed sensor can not only achieve dual-parameters simultaneous measurement, but also can avoid cross sensitivity. In this paper, multi-parameter simultaneous measurement can be also achieved, dip1 and dip4 is generated by the ATC-LPFG, dip2 and dip3 is caused by the modal interference. Dip1 and dip4 is corresponding to the different cladding modes coupled with core mode, thus they are different sensitivity for two measurands. The transmission matrix method can be expressed for dual-parameters simultaneous measurement. In addition, dip2 and dip3 can be detected for other parameters due to the different generation mechanism. The proposed sensor shows many advantages including high sensitivity, easy fabrication, simple structure and low cost. Overall, it has great potential to be developed in the fields of engineering system. 
